Abstract While indices of physical mobility such as gait speed are significant predictors of future morbidity/ mortality in the elderly, mechanisms of these relationships are not understood. Relevant animal models of aging and physical mobility are needed to study these relationships. The goal of this study was to develop measures of physical mobility including activity levels and gait speed in Old World monkeys which vary with age in adults. Locomotor behaviors of 21 old (x0 20 yoa) and 24 young (x09 yoa) socially housed adult females of three species were recorded using focal sample and ad libitum behavior observation methods. Selfmotivated walking speed was 17% slower in older than younger adults. Likewise, young adults climbed more frequently than older adults. Leaping and jumping were more common, on average, in young adults, but this difference did not reach significance. Overall activity levels did not vary significantly by age, and there were no significant age by species interactions in any of these behaviors. Of all the behaviors evaluated, walking speed measured in a simple and inexpensive manner appeared most sensitive to age and has the added feature of being least affected by differences in housing characteristics. Thus, walking speed may be a useful indicator of decline in physical mobility in nonhuman primate models of aging.
Introduction
In humans, declines in physical performance as measured by such indices as muscle strength, balance, and gait speed are characteristic of aging and predictive of disability, hospitalization, and death (Era and Heikkinen 1985; Guralnik et al. 1994; Guralnik et al. 2000; Cesari et al. 2005; Cooper et al. 2010) . While these measures can each contribute to the prediction of future risk, gait speed has emerged as a preferred measure because it can be reliably measured at low cost and can be easily interpreted (Cesari et al. 2005; Cooper et al. 2010) . Slow gait is a pivotal dimension of physical frailty and is more common in persons with clinical and subclinical disease such as cardiovascular disease and is associated with elevated inflammatory cytokines and body composition Newman et al. 2006) . In 2009, the International Academy on Nutrition and Aging Task Force concluded that gait speed reliably identifies community-dwelling older people at risk of disability, cognitive impairment, institutionalization, falls, and mortality, and can be used as a single-item assessment tool (Abellan van Kan et al. 2009 ). However, the reasons for the close association between gait speed and morbidity are not well understood.
Rodents have been used extensively as animal models of physical mobility. While this work has been helpful in understanding some of the biological factors that contribute to healthy aging, a large animal model with a central nervous system organization similar to humans would be helpful in understanding declines in motor mobility. Nonhuman primates are ideal, and macaques in particular have been used to study aging and decline primarily in fine motor performance (Irwin et al. 1994; Emborg et al. 1998; Zhang et al. 2000; Cass et al. 2007; Kastman et al. 2010) . Such studies involve the assessment of performance on tasks involving retrieval of a Life Saver candy from rods of different complexity and in individualized tasks using movement assessment panels. The central mechanisms involved in motoric decline with age have also been studied in macaques. Alterations of the nigrostriatal dopaminergic system are seen with aging in macaques including decreased dopamine, decreased levels of tyrosine hydroxylase and dopamine transporter, and decreased stimulus-evoked release of dopamine (Kish et al. 1992; Bannon et al. 1992; Irwin et al. 1994; Emborg et al. 1998; Gerhardt et al. 1995 Gerhardt et al. , 2002 , suggesting that the nigrostriatal dopaminergic system is likely involved in age-associated motor dysfunctions.
Evaluations of gross motoric function in association with age have been more limited. An automated video system has been used to document changes in locomotor mobility in relation to aging in nonhuman primates (Walton et al. 2006) . In this study, female rhesus monkeys (Macaca mulatta) that lived in single cages were moved from their home cage to a test chamber and movement was videotaped. Adolescent (averaging 5 yoa) locomotion differed significantly from adult locomotion. However, these measures were not sensitive to differences in locomotion between middle-aged and old adults, perhaps because the monkeys normally lived in individual cages that constrain movement, which could mask smaller differences in locomotor behavior among adults of different ages. Automated video systems are expensive and limited in range, requiring constraints in the physical space in which movement can occur and its patterns documented. Thus, they are difficult to adapt to a larger space or social environment. An ideal translational assessment of nonhuman primate physical mobility would be similar to measures used in humans, inexpensive, and useful in animals housed in social groups in a variety of settings which permit less constrained locomotor behavior. The goal of the study reported here was to develop a measure of physical mobility similar to gait speed used in humans and sensitive to changes in physical mobility in adult monkeys as they age.
Methods

Subjects
Subjects were 24 young and 21 old adult females of three species of Old World monkeys: cynomolgus (Macaca fascicularis), bonnets (Macaca radiata), and African green (Chlorocebus aethiops) monkeys (Table 1 ). The monkeys were chosen based on age, health, and reproductive condition. To be included in the study, the monkeys had to be in good health, with normal posture and patterns of locomotion, and not known to be pregnant or to have dependent young under 9 months of age. Body weight was measured during the same time period as the behavior observations were completed.
Housing
All of the monkeys lived in stable social groups. Cynomolgus monkeys were housed in groups of two to four in indoor pens that measured 2.5 (height)×1.5 (width)× 3.0 m (length) and had outside exposure through a window. Bonnet monkeys were housed in groups of 2-11, in pens with indoor and outdoor sections each measuring 2.5×2.5×2.5 m, and were observed while enclosed in the indoor section. All indoor pens were outfitted with multiple perches running the length of the pens and had walls of square rod the monkeys routinely climb, allowing opportunity for all types of locomotor behavior reported here. Thus, the pens of cynomolgus and bonnet macaques were similar in size and configuration. African green monkeys lived in groups of 11-49 in housing units with approximately 28 m 2 indoors and 111 m 2 outdoors and were observed in the outdoor section.
Behavioral observations
All behaviors were recorded by multiple observers experienced in recording nonhuman primate behavior. Interobserver reliability was r ≥0.92.
Usual walking speed All monkeys were observed ad libitum for documentation of usual walking speed following standardized criteria (Altmann 1974) . Marks were made with indelible markers at visible points on various structures throughout the home pens ( Fig. 1 ). Each landmark was given an identification (e.g., A, B, C….), and distances between landmarks were measured. Every time a subject passed a landmark, they were timed with a stopwatch until they passed another landmark, and time and landmarks were recorded. The distance between landmarks varied from about 0.6 to 3.3 m. Walking speed was calculated as distance/time. Only instances of walking that did not include moving away after being supplanted or chased, fleeing, or moving toward a food source or other desirable objects such as a toy were recorded. Walking bouts averaged 199 cm±11standard error of the mean (SEM), or about 2 m in length. Each animal was observed until a minimum of five instances of usual walking speed was recorded. For one young cynomolgus monkey, only Fig. 1 The measurement of walking speed. Marks were made with indelible markers at visible points on various structures throughout the home pens. Each landmark was given an identification (e.g. A, B, C….), and distances between landmarks were measured. Every time a subject passed a landmark they were timed with a stopwatch until they passed another landmark, and time and landmarks were recorded. Walking speed was calculated as distance/time three instances were observed; for one old bonnet monkey, only four instances were observed. Among the remaining 43 animals, recorded bouts of walking speed varied from 5-16 instances. The time required for observation varied greatly between animals from less than an hour to several hours. Observations were made early in the morning (0600-0900 hours), prior to feeding, over the course of several days, when the monkeys were most active. This approach was taken to minimize the observation time required to gather the data and the potential influence of circadian rhythms. The average of all observations and of the first five observations was calculated for analysis.
Other locomotor behaviors Subjects were observed for four 15-min focal observations (i.e., 1 h/monkey, 45 h total) balanced for time of day (Altmann 1974) . Each of the four observations was done on a different day. The frequency and duration of all instances of locomotion, climbing, and leaping/jumping were recorded. Locomotion was defined as traversing space at any speed with a minimum of three continuous steps. Activity level was expressed as percent time spent locomoting. Climbing was defined as traversing space in a 45°or greater vertical plane with at least 3 ft off the ground. Leaping and jumping were recorded together (leaping/jumping) and defined as no body parts touching a surface. Climbing and leaping/jumping were expressed as total frequency per hour.
Statistical analysis
The data were analyzed using a 2 (old and young)×3 (cynomolgus, bonnet, and African green) analysis of variance. The alpha level was set at p00.05. As few descriptive data are available in the literature regarding aging and types of locomotion in nonhuman primates, data are presented graphically for each behavior for each species, and main effects of age and age×species interactions are reported for all dependent variables. However, it was recognized that enclosure differences between the macaques and vervets might affect rates of climbing and leaping/jumping. Thus, main effects of species in climbing and leaping/jumping are not reported as they may be due to either species or enclosure characteristics. Age×species interaction effects are presented because any interaction of age would be important to note and follow-up for clarification. Since walking speed measurements entail only quadrupedal locomotion between two points about 2 m apart, we reasoned this measure would be very little affected by the differences in enclosures, and thus, species effects are reported for this behavior. Data are reported as mean and standard errors.
Results
Body weight
The three species differed in body weight [main effect of species, F(2,39)024.6, p <0.0001] (Fig. 2) (Fig. 3) .
Types of physical activity
Old monkeys climbed less frequently than young monkeys [F(1,39)05.6, p00.023] (Fig. 4a, b) . The age by species interaction was not significant [F(2,39)0 and the species by age interaction was not significant [F(2,39) 00.32, p00.73).
Walking speed
The number of walking events from each individual ranged from 3 to 16 (Fig. 5) . We analyzed the data in two ways: (1) all samples included and (2) only the first five samples collected. Because these two measures were highly correlated (r00.95, p<0.0001) and yielded similar results, the analysis of the first five samples is reported. There were species differences in mean walking speed [all samples, F(2,39)04.9, p0 0.01; five samples, F(2,39)03.4, p00.043]; cynomolgus appeared to walk more slowly than the other two species. The walking speed of the old monkeys was 20% slower than that of the young monkeys [all samples, F(1,39)013.14, p00.0008; five samples, F(1,39)0 9.8, p00
.003]. The species by age interaction was not Fig. 3 Activity levels of young and old adult female cynomolgus, bonnet, and African green monkeys. Activity levels were measured by the per cent of time spent locomoting (traversing space with at least three continuous steps), and did not vary significantly by age In general, the variability in this measure was low. The difference between the first five samples and all samples was no more than 1 cm/s in each of the six species age groups; therefore, only the data for the first five samples are shown in Fig. 5 .
Discussion
The major finding in this study was that casual, selfmotivated walking speed for old adults was slower than that of younger adults in all species and all types of housing conditions considered. The data reported here represent observations of the locomotor behaviors of three species of Old World monkeys selected to represent two age cohorts: (1) reproductively and skeletally mature young to middle-aged adult monkeys and (2) old adult monkeys. The two age ranges were similarly represented. These monkeys survive in captivity approximately 25 to 35 years or about a quarter to a third of the life span of humans (Kaufman et al. 2005; Rao et al. 1998; Weigl 2005; Freimer et al. 2007; Fears et al. 2009; Oikawa et al. 2010) . Therefore, the young adult group averaging 9 years of age approximates humans that are about 30 years of age, whereas the old adult group, averaging 20 years of age, approximates humans of about 70 years of age. In humans, usual gait speed remains stable through the sixth decade of life. At older ages, there is an accelerating decline with the loss of about 0.1 m/s in speed per decade (Guralnik et al. 2000; Shumway-Cook et al. 2007 ). While few studies have comprehensively assessed usual gait speed across as wide a proportion of the life span as studied here, data suggest that gait speeds would be approximately 15-20% lower were a similar comparison to be made between older and younger adult humans (Himann et al. 1988; Samson et al. 2001; Shumway-Cook et al. 2007 ). Thus, the observations reported here of a 20% decline in walking speed of the old monkeys appears to be consistent with what would be expected in humans. Animal models of physical mobility and aging have mostly been confined to rodents. While this work has been helpful in understanding some of the biological factors that contribute to healthy aging, rodent models are limited by several key characteristics that make them dissimilar to primates and unsuitable for study of the association of physical mobility with risk of many diseases. For example, unlike primates, rodents continue to grow slowly throughout life and their skeletal metabolism differs from that of primates (Jerome 2004) . Old World monkeys (e.g. macaques, baboons, African green monkeys) are the most commonly studied nonhuman primate models, and they share several characteristics and diseases associated with aging with humans. For instance, macaques are useful models for age-related bone loss (Black et al. 2001) . Furthermore, percentage declines in estimated skeletal muscle mass with age in macaques are similar to those seen in humans with advancing age, making them useful models of sarcopenia (Colman et al. 2005) . Like human muscle, aging macaque muscle tissue demonstrates selective upregulation of genes involved in inflammation and oxidative stress, and downregulation of genes involved in mitochondrial electron transport and oxidative phosphorylation (Kayo et al. 2001) . Furthermore, Old World monkeys are preferred models for the study of whole body obesity (Kemnitz 1984) as well as some aspects of fat distribution. As in people, obesity is associated with type two diabetes in Old World monkeys (Wagner et al. 2006; Chavez et al. 2009 ). Central fat deposition patterns are associated with social stress as well as carotid and coronary artery atherosclerosis in cynomolgus monkeys and with cardiovascular disease in people (Shively et al. 2009 ). Finally, Old World monkeys are optimal models for investigations involving cognitive decline and Alzheimer's disease due to their similarities to humans in central nervous system mobility (Gallagher and Rapp 1997; Voytko and Tinkler 2004; Kulstad et al. 2005; Zeng et al. 2006) . Thus, Old World monkeys are useful Fig. 5 Walking speed (cm/s) of young and old adult female cynomolgus, bonnet, and African green monkeys. The average of the first five samples of walking speed is depicted. Older monkeys walked 20% more slowly than young monkeys models in which to study relationships between risk of many diseases important in human health and physical mobility.
Gait analysis in large animal models has received an increasing amount of attention as a way to quantify both musculoskeletal diseases and also to assess the efficacy of clinical interventions (Gillette and Angle 2008; Marsh et al. 2010) . In nonhuman primates, kinematic and kinetic gait analyses have been conducted using overground and treadmill walking (Courtine et al. 2005; Ogihara et al. 2010 ). However, we are not aware of published studies using kinematic or observational gait analysis in nonhuman primate models of aging. The ability to objectively measure these functional domains in a clinically relevant primate model will enhance the translational value of preclinical studies of aging.
We chose to present data from three primate species to inform future studies assessing aging, physical mobility, and health in nonhuman primates. Macaques and vervets were in different housing situations which might affect locomotion. Since species and enclosure type were confounded, the lack of significant species × age interactions implies a lack of enclosure × age interactions. However, since species and enclosure type could not be differentiated, species effects were not reported for locomotor behaviors that may be affected by enclosure conditions including climbing, leaping and jumping. Species effects were observed and reported for body weight and also for walking speed, since all enclosures allowed for plenty of opportunity for quadrapedal locomotion for a distance long enough to measure this behavior. Cynomolgus monkeys are the smallest of the three species and have the shortest stride which may account for their slowest walking speeds.
Data were presented from females only primarily because we had very few known aged male monkeys to study. It is useful to have these data in females as there are more older women than men, and more frail women than men (Walston and Fried 1999; Syddall et al. 2010) ; however, these observations need to be extended to male nonhuman primates. Although the females were presumably having menstrual cycles, observations were made without respect to time of cycle because activity levels do not vary by menstrual cycle phase in macaques or women (Barger et al. 2008) .
There were age differences in the way animals moved. It is interesting that general activity levels were not significantly different by age whereas, types of movement that may require strength and balance, such as climbing and perhaps leaping/jumping, were less frequent among old adults. While there were age differences in climbing, there was more variability in this behavior than in walking speed. Walking speed was characterized by comparatively low variance and an average difference of 17% between old and younger adults. Walking speed was sensitive to age-related differences in locomotion under a variety of social and physical conditions. A limited number of observations of walking speed (about 5 per subject or 222 in all) appeared to well approximate the total number of observations (312) suggesting that limited observation time is necessary to get valid measures.
Walking speed was sensitive to age in three different nonhuman primate species, in a variety of social and physical conditions. Taken together, these data suggest that walking speed, measured in a simple, inexpensive manner, was the most promising indicator of global physial mobility among the several locomotor behaviors profiled in this report as it varied by age independent of varying social and physical conditions.. A validated global measure of physical mobility in nonhuman primates will be useful in investigating the role of declining physical mobility with age in other changes in health. For example, the relationship between muscle loss and fatty infiltration into muscle and physical mobility may be systematically studied. Likewise, the timing of declines in physical mobility in relation to other changes in health may also be assessed under controlled conditions. Thus, we may be able to determine whether loss of physical mobility precedes or follows decrements in other areas critical for late-life independence such as cognition and emotional health. We can also study factors which influence the reacquisition of physical mobility after an acute infection and whether that varies with age. A simple measure of physical mobility will allow the use of these nonhuman primates to study the biological systems leading to reductions in gait speed and underlying relationships between gait speed and morbidity and perhaps identify novel targets for interventions that promote mobility and independence in late life.
